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Abstract Urate oxidase (UOX) and coproporphyrinogen III
oxidase (CPO) are two unusual oxidases as they accomplish
their catalytic act with no co-factor nor metal ion. They both
require molecular oxygen, and lead to hydrogen peroxide in
addition to the product. UOX is composed of two contiguous
Tunneling-fold domains and CPO appears to be also divided
into two structurally equivalent domains. Moreover, each of
these putative domains can be coherently aligned on UOX do-
mains. Although their sequences are very distant, we therefore
suggest that functional CPO dimer is built around a tunnel, with
the substrate sitting above it, on the N- and C-terminal side.
This overall model is supported by mutation data and is coher-
ent with the chemical events expected for substrate processing
by CPO. ' 2002 Federation of European Biochemical Soci-
eties. Published by Elsevier Science B.V. All rights reserved.
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1. Introduction
The Tunneling-fold (T-fold) is a small architecture com-
posed of an antiparallel L-sheet of four sequential strands
with a pair of antiparallel K-helices between the second and
third strand. This motif has so far been found in ¢ve di¡erent
enzymes built through multimeric association of T-folds
crossed by a tunnel [1]. The structural similarity between T-
folds is high, although the sequence divergence between them
is remarkably large (often below 10% sequence identity). The
T-fold possesses the characteristics of a globular domain, with
a hydrophobic core and a topohydrophobic network [1^3].
Since the T-fold constitutes a robust structural family and
an e⁄cient sca¡old to build various multimeric enzymes
(from a three-fold to a ¢ve-fold symmetry), many as yet un-
detected T-folds may exist in sequence databases, although so
far, no new T-fold protein has been predicted based on se-
quence comparison alone. It is thus an exciting challenge to
identify a putative new member of this structural family. We
suggest here that coproporphyrinogen III oxidase (CPO) may
resemble the T-fold protein urate oxidase (UOX).
CPO (EC 1.3.3.3) is the sixth enzyme of the heme biosyn-
thesis pathway. This soluble protein catalyzes the sequential
oxidative decarboxylation of two propionate groups of cop-
roporphyrinogen III to two vinyl groups of protoporphyrino-
gen IX [4,5] (Fig. 1). Oxygen-dependent CPOs appear to be
remarkably conserved proteins despite variable subcellular lo-
cations ranging from the intermembrane space of mitochon-
dria in mammals, the cytosol in yeast and bacteria, to the
stroma of plant chloroplasts. Accordingly, the protein sequen-
ces share large areas of similarity except for their targeting
sequences, which are removed during the import process [6].
UOX (EC 1.7.3.3, uricase), an enzyme belonging to the
purine degradation pathway, catalyzes the oxidation of uric
acid to allantoin and hydrogen peroxide. UOX from Asper-
gillus £avus is extracted and puri¢ed by Sano¢ and used in the
prevention and treatment of severe hyperuricemia that may
occur during chemotherapy [7,8]. The structure has been
solved by X-ray crystallography with isomorphous replace-
ment, at a resolution of 2.05 AF [9].
Oxygen-dependent CPO and UOX require molecular oxy-
gen to accomplish their catalytic act on nitrogenous rings
which, very remarkably for oxidases, needs no co-factor nor
metal ion [9^11]. Moreover, they have similar sizes (around
40000 g/mol), CPO is a dimer and UOX a dimer of dimer,
they both lead to hydrogen peroxide in addition of the prod-
uct and CPO may act through an intermediate hydroxylation
state [12] as UOX. The comparison between their sequences
was not suggested by a large screening of databanks, no hit
being detected between them by, e.g. the sensitive position-
speci¢c iterated BLAST (PSI-Blast) program [13]. And no
other valid support was proposed by PSI-Blast when using
yeast CPO sequence as a query. It is important to note that
none of the presently known T-fold proteins used as a query
in PSI-blast allow to detect another T-fold protein [1]. The
present study was initiated by a direct comparison between
their transposed sequences (hydrophobic cluster analysis
(HCA) plot [14]) prompted by the very unusual similarity in
their mechanism summarized here above. The structural and
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functional results reported in this study further support this
hypothesis.
2. Materials and methods
The sequences of UOX and CPO are listed in the Swiss-Prot data-
base [15]. We selected ¢ve UOX sequences (A. £avus, Pichia jardinii
(yeast), Drosophila melanogaster, pig and soybean) and four CPO
sequences (Saccharomyces cerevisiae (yeast), Salmonella typhimurium,
human and tobacco) showing the greatest dissimilarity within each
family. The ¢ve UOX proteins share between 31 and 51% sequence
identity, and the four CPO proteins share between 45 and 66% se-
quence identity, homogeneity which is a disadvantage for structure
prediction. The coordinates of A. £avus UOX are accessible in the
Protein Data Bank [16,17] under the entry 1uox.
We used 1D screening methods such as the PSI-Blast on the NCBI
non-redundant database (scoring matrix Blosum 62) using an E-value
cuto¡ of 0.001 [13]. We also used the sensitive 2D method HCA (for a
review, see [18]) to determine whether similarities between the proteins
do exist. This method highlights the correspondence between sequence
and secondary structure and e⁄ciently detects similarities between
highly divergent sequences. It has now been established that, due to
its intrinsic power of compactness, the helical net representation o¡ers
the best correspondence between the positions of the hydrophobic
clusters and regular secondary structures, whether K or L [19]. Sim-
ilarities between sequences were assessed with the sequence identity
level, a similarity score computed using the Blossom 62 matrix, and a
hydrophobic matching score (HCA score).
The CPO to UOX alignment was further validated by the construc-
tion of a 3D model of yeast CPO based on the atomic coordinates of
A. £avus UOX. We used through the WWW interface ‘Bioinformatics
Tools Server’ [20] the automated program TITO [21] specialized to
work at low levels of sequence identity to optimize the alignment,
Modeller [22] to build the model, and ProsaII [23] to validate it.
The model has then be energetically minimized using CHARMm
[24] through Accelrys software (San Diego, CA, USA).
3. Results and discussion
The monomer of UOX is built with two consecutive T-fold
domains, giving rise to an antiparallel L-sheet of eight sequen-
tial strands, with the four helices layered on the external con-
cave face of the sheet. The root mean square between the two
structurally aligned T-fold domains is 1.5 AF for 99 aligned
CK. The dimer is formed by the association of two monomers
related by a two-fold axis [9].
The 2D HCA representation of the yeast CPO sequence
showed that it may also be divided into two successive and
similar domains, with lengths comparable to those of A. £avus
UOX (137 and 163 amino acids in UOX, 166 and 162 amino
acids in CPO). The resulting sequence identity between the
two domains is similar to that observed between the UOX
domains (7.4% in UOX, 6.9% in CPO). The 2D representation
shows a good conservation of the shape of the hydrophobic
clusters (Fig. 2A) and consequently of most of the internal
hydrophobic faces of regular secondary structure elements.
The 1D alignment deduced from the HCA representation
and extended to the family reveals a similarity between the
two domains, with many conserved hydrophobic and charged
positions and a few identical residues (Fig. 2B). Sequence
identity levels range from 6.9% to 9.2%, similarity scores
from 33.8% to 36.8%, and HCA scores from 38.4% to
51.5%. These scores are just slightly lower than those in the
UOX family, with sequence identity levels between 7.4% and
11.4%, similarity scores between 36.1% and 49.3% and HCA
scores between 37.7% and 48.4%.
The CPO sequences were then aligned on the UOX sequen-
ces in order to check if there is a possible relationship between
these two unusual oxidases. The HCA alignment of A. £avus
UOX and yeast CPO sequences shows good conservation of
hydrophobic clusters and again a few identical residues (Fig.
3A). The deduced sequence alignment of the CPO family se-
quences with the UOX family shows that the hydrophobic
and charged properties of residues are fairly well conserved
and distributed along the sequences (Fig. 3B). Half of the
topohydrophobic positions characterized in the T-fold family
[1] are occupied by hydrophobic residues (14 conserved topo-
hydrophobic positions out of 30). CPO and UOX share be-
tween 4% and 10% sequence identity, between 32% and 39%
similarity, and between 41% and 53% HCA score. These
scores are very similar to those observed between all known
T-folds [1]. The active loops in one enzyme are either absent
or very di¡erent in the other enzyme. The small L-sheet (E1
and E2), involved in the catalytic activity of UOX, is absent in
CPO. Similarly, the loops between the putative second strand
and the ¢rst helix in each domain (loops S2^H1 called A1 and
S6^H3 called A2 in Fig. 3), probably involved in the catalytic
activity of CPO, are longer and quite di¡erent from those in
UOX. In CPO, an extra stretch of 25 residues is found at
the end of each domain (called C1 and C2). These two extra
stretches appear highly similar at the sequence level (see
Fig. 1. Reaction mechanism of the stepwise decarboxylation of coproporphyrinogen III to protoporphyrinogen IX. A ¢rst propionate group of
coproporphyrinogen III is converted to a vinyl group to form the harderoporphyrinogen intermediate, then a second propionate group is con-
verted to a vinyl group to yield the ¢nal product, protoporphyrinogen IX. CPO catalyzes both steps.
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Fig. 2), with many conserved residues. They noticeably con-
tain conserved aromatic residues, and it has been shown that
a tyrosine residue is probably involved in the catalytic activity
[25]. UOX acts as a tetramer while CPO acts as a dimer [10].
The tetrameric interface of UOX is built with the extremities
of four long L-strands (S3P, S4P, S7P and S8P in Fig. 3). These
regions would be expected to di¡er between the two enzymes.
In particular, the two small strands S4P and S8P (called B1 and
B2) share no or few sequence similarities with CPO.
A putative 3D model of yeast CPO was built from the
coordinates of A. £avus UOX. The CPO dimer would assem-
ble in the same way as the UOX dimer, creating a L-barrel of
16 antiparallel L-strands, with eight external helices (Fig.
4A,B). Four regions in CPO were not fully modeled, since
their lengths are considerably greater than in UOX: A1
with 12 extra residues, A2 with 13 extra residues (colored in
orange in Fig. 4), C1 with 25 extra residues, and C2 with
27 extra residues (colored in red in Fig. 4). These four loops
are located on the same side as the N- and C-terminal extrem-
ities (Fig. 4B,C). They are highly conserved between CPOs
and exhibit patterns associating glycine repeats and small hy-
drophobic clusters likely associated with short strands. It
seems that each of these regions is composed of two small
strands which is reminiscent of L-helices or propellers [26].
There is one substrate per dimer, so these eight regions may
together constitute on one side of the CPO dimer sca¡old a
sub-domain devoted to bind and process coproporphyrinogen,
particularly through the numerous conserved aromatic resi-
dues present in these segments. B1 and B2 loops (colored in
green in Fig. 4) which form the tetrameric interface in UOX,
absent in dimeric CPO, are certainly di¡erent and are likely to
curve back toward the top of the dimer (Fig. 4B). A1 and B2
form the interface between two monomers, A2 and B1 form
the interface between two T-fold domains within a monomer
and interfaces are likely to be £exible regions.
The catalytic reaction of CPO is sequential, with copropor-
phyrinogen III ¢rst undergoing decarboxylation at propionate
in position 2 to yield harderoporphyrinogen, followed by de-
carboxylation of propionate at position 4 to yield the ¢nal
product of the reaction, protoporphyrinogen IX (for a review,
see [27]) (Fig. 1). This unique reaction mechanism raises sev-
eral questions related to the topology of the active site in the
dimer. Substrate speci¢city has been investigated by using
alternative substrates that di¡er from coproporphyrinogen
III by the position of the side chains on the tetrapyrrole nu-
cleus [28,29]. The results suggest that at least two domains on
Fig. 2. A: HCA alignment between the two putative similar domains of yeast CPO (Swiss-Prot entry: hem6_yeast). The conserved hydrophobic
amino acids are shown in black (similar) or white (identical) on a gray background, and the other identical residues in white on a dark back-
ground. Brie£y, the sequence is shown on a duplicated K-helical net, on which hydrophobic amino acids are contoured. HCA plots were made
using the Drawhca program (Luc Canard, unpublished data). The arrows correspond to important areas described in the text. The insert indi-
cates how to read the sequence and the secondary structure organization in an HCA representation [14]. B: Alignment between putative do-
mains 1 and 2 in four di¡erent species of CPO, based on the HCA alignments. The residues or properties are de¢ned as conserved if they ap-
pear in six out of eight sequences. The conserved hydrophobicity (VILMFYW to which we added ACT, which can often substitute
hydrophobic residues) is shown in white on a gray background, the conserved charged polarity (DEKRH) in black on a gray background and
other conservation in white on a black background. The length of each domain is given between parentheses after its sequence. Naturally
occurring human mutations are shown with gray triangles. Alignment representations were made using ESPript software [30].
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the protein may be involved in substrate recognition, while a
third domain may be involved in catalysis per se. A model was
proposed in which the reaction intermediate must rotate with-
in the active site to be further processed [28]. When this ro-
tation is not possible due to an inability of the appropriate
side chains to position in the binding sites, the reaction can
occur only after di¡usion of the intermediate from the active
site, inversion of its planar axis of symmetry, and reposition-
ing at the active site. This model ¢ts well with the data ob-
tained when studying substrate speci¢city, but does not take
Fig. 3. A: HCA alignment between A. £avus UOX (Swiss-Prot entry: uric_asp£) and yeast CPO. The secondary structure is shown for UOX
(from [9]). The segment between 80 and 90 in CPO is rich in alanine and consequently is consistent with the occurrence of a helix as expected
for the comparison with UOX (H2). The drawing code is the same as in Fig. 2A. B: Alignment between ¢ve UOX sequences and four CPO
sequences. The residues or properties are de¢ned as conserved if they appear in seven of nine sequences. The drawing code is the same as in
Fig. 2B.
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into account the fact that CPO is active as a homodimer. The
two subunits may act synergistically by sharing the binding
and recognition sites, thereby forming a highly e⁄cient cata-
lytic system. The duplication of the T-fold domain in each
subunit leads to an overall structure of coproporphyrinogen
oxidase with a pseudo four-fold symmetry rather than a two-
fold symmetry, well designed for decarboxylation of the pseu-
do-symmetric substrate (Fig. 5). This may explain the choice
of a multimeric T-fold structure by CPO to successively per-
form two similar catalytic processes on a single template.
An analysis of the sites of the naturally occurring mutations
in patients with coproporphyria, an inherited defect in CPO
activity (NCBI Online Mendelian Inheritance in Man entry
#121300 and references therein) leads further support to our
hypothesis. These eight sites are involved in the catalytic
mechanism and, with the exception of H195D (at the junction
of C1 and S5), are located either in un-modeled regions
(G89S, G97W, E101K in A1, R231W in A2 and G180R in
C1) or in di⁄cult-to-model regions (P149S in B1 and K304E
in B2) (see Fig. 4C). These regions as well as the H195D
mutation, are mainly close to the active site in the model.
Interestingly, the two mutants P149S and K304E (P122 and
Q278 in yeast) are at the exact same relative position in each
domain (see Fig. 2), which is a further argument for the pro-
posed duplication. The P149S mutation which abolishes activ-
ity is in the B1 region at the interface between two T-fold
Fig. 4. A: Smooth CK chain of the putative dimeric model of yeast CPO built on the coordinates of A. £avus UOX. The ¢rst chain is colored
in dark blue, the second chain in pale blue. The long loops A1 and A2 (in orange), C1 and C2 (in red) are almost not modeled and are pic-
tured by dotted lines. Coproporphyrinogen III has been positioned above the dimer, between the 12 putative involved loops. B: View perpen-
dicular to the previous one. The loops B1 and B2 (in green) probably curve back upward in the vicinity of the substrate (as suggested by the
arrows). These two ¢gures were made using InsightII (Accelrys, San Diego, CA, USA). C: Schematic view of the 16-stranded L-barrel of the
dimer, with the 12 loops colored as above. The eight helices outside the barrel are not shown. The length of A1 and A2, B1 and B2, C1 and
C2 are similar, supporting further the gene duplication of CPO. The positions of the naturally occurring human mutations are shown with
gray triangles; the numbering corresponds to human CPO and yeast CPO between parentheses.
Fig. 5. Postulated topology of CPO subunits and interactions with
its substrate, coproporphyrinogen III. Catalytic sites (S1) and bind-
ing/recognition sites (S2, R1) may be shared by the two subunits in
the active dimer of the enzyme. The substrate may present the pro-
pionic residue decarboxylated in the ¢rst (black dot) or second step
of the reaction (open dot), whatever its orientation relative to the
plane of the molecule (left and right schemes).
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domains in each subunit. The K304E mutant is impaired in
the second step of coproporphyrinogen III decarboxylation,
yielding harderoporphyrinogen instead of protoporphyrino-
gen IX. The B2 region which bears this mutation de¢nes the
interface between the two subunits which supports the hy-
pothesis that both subunits of CPO are necessary for correct
functioning of the enzyme (Fig. 5).
In conclusion, these common overall functional and struc-
tural data for both enzymes constitutes a convergent set of
arguments suggesting that CPO may be a new T-fold protein.
Others T-folds are probably present in databases but remain
hidden by their very high sequence divergence. This property
between closely related compact 3D folds may constitute a
promising new family that may be useful in improving and
evaluating the sensitivity of comparative protein sequence
analysis methods.
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